The high-resolution solution structure of the catalytic fragment of human collagenase-3 (MMP-13) complexed with a sulfonamide derivative of a hydroxamic acid compound (WAY-151693) has been determined by multidimensional heteronuclear NMR. A total of 30 structures were calculated for residues 7-164 by means of hybrid distance geometry-simulated annealing using a total of 3280 experimental NMR restraints. The atomic rms distribution about the mean coordinate positions for the 30 structures is 0.43(AE0.05) A Ê for the backbone atoms, 0.80(AE0.09) A Ê for all atoms, and 0.47(AE0.04) A Ê for all atoms excluding disordered side-chains. The overall structure of MMP-13 is composed of a b-sheet consisting of ®ve b-strands in a mixed parallel and anti-parallel arrangement and three a-helices where its overall fold is consistent with previously solved MMP structures. A comparison of the NMR structure of MMP-13 with the published 1.6 A Ê resolution X-ray structure indicates that the major differences between the structures is associated with loop dynamics and crystalpacking interactions. The side-chains of some active-site residues for the NMR and X-ray structures of MMP-13 adopt distinct conformations. This is attributed to the presence of unique inhibitors in the two structures that encounter distinct interactions with MMP-13. The major structural difference observed between the MMP-13 and MMP-1 NMR structures is the relative size and shape of the S1
The high-resolution solution structure of the catalytic fragment of human collagenase-3 (MMP-13) complexed with a sulfonamide derivative of a hydroxamic acid compound (WAY-151693) has been determined by multidimensional heteronuclear NMR. A total of 30 structures were calculated for residues 7-164 by means of hybrid distance geometry-simulated annealing using a total of 3280 experimental NMR restraints. The atomic rms distribution about the mean coordinate positions for the 30 structures is 0.43(AE0.05) A Ê for the backbone atoms, 0.80(AE0.09) A Ê for all atoms, and 0.47(AE0.04) A Ê for all atoms excluding disordered side-chains. The overall structure of MMP-13 is composed of a b-sheet consisting of ®ve b-strands in a mixed parallel and anti-parallel arrangement and three a-helices where its overall fold is consistent with previously solved MMP structures. A comparison of the NMR structure of MMP-13 with the published 1.6 A Ê resolution X-ray structure indicates that the major differences between the structures is associated with loop dynamics and crystalpacking interactions. The side-chains of some active-site residues for the NMR and X-ray structures of MMP-13 adopt distinct conformations. This is attributed to the presence of unique inhibitors in the two structures that encounter distinct interactions with MMP-13. The major structural difference observed between the MMP-13 and MMP-1 NMR structures is the relative size and shape of the S1
H pocket where this pocket is signi®-cantly longer for MMP-13, nearly reaching the surface of the protein.
Additionally, MMP-1 and MMP-13 exhibit different dynamic properties for the active-site loop and the structural Zn-binding region. The inhibitor WAY-151693 is well de®ned in the MMP-13 active-site based on a total of 52 distance restraints. The binding motif of WAY-151693 in the MMP-13 complex is consistent with our previously reported MMP-1:CGS-27023A NMR structure and is similar to the MMP-13: RS-130830 X-ray structure.
Introduction
Human collagenase-3 (MMP-13) is a member of the matrix metalloproteinase (MMP) family, which includes the collagenases, stromelysins and gelatinases. The MMPs are involved in the degradation of the extracellular matrix, which is associated with normal tissue remodeling processes such as pregnancy, wound healing, and angiogenesis. The MMPs are a highly active set of targets for the design of therapeutic agents for the disease areas of arthritis and oncology (for reviews, see Browner, 1995; De et al., 1999; Morphy et al., 1995; Ries & Petrides, 1995; Woessner, 1991; Zask et al., 1996) . MMP expression and activity is highly controlled because of the degradative nature of these enzymes. The apparent loss in this regulation results in the pathological destruction of connective tissue and the ensuing disease-state. MMP-13 was recently identi®ed on the basis of differential expression in normal breast tissues and in breast carcinoma. In addition, its expression has been reported in squamous cell carcinomas of the larynx, head and neck, HCS-2/8 human chondrosarcoma cells, during fetal ossi®cation and in articular cartilage of arthritic patients (Balbin et al., 1999) .
There have been a number of X-ray and NMR structures solved for the catalytic domain of MMPs complexed with a variety of inhibitors (Becker et al., 1995; Betz et al., 1997; Bode et al., 1994; Botos et al., 1996; Broutin et al., 1996; Gonnella et al., 1995 Gonnella et al., , 1997 Gooley et al., 1994 Gooley et al., , 1996 Lovejoy et al., 1994a,b,c; Moy et al., 1998 Moy et al., , 1999 Spurlino et al., 1994; Stams et al., 1994; Van Doren et al., 1995) where the X-ray structure of MMP-13 was determined only recently (Lovejoy et al., 1999) . There is a close similarity in the overall 3D fold for these proteins consistent with the relatively high level of sequence homology (>40 %). Despite this similarity in the MMP structures, there is distinct substrate speci®city between these enzymes, indicative of speci®c biological roles for the various MMPs and a corresponding association with unique disease processes. One example of this potential speci®city is the over-expression of MMP-13 in breast carcinoma and MMP-1 in papillary carcinomas. Therefore, the current paradigm in the development of MMP inhibitors is to design speci®city into the structures of the small molecule instead of developing a broad-spectrum MMP inhibitor (BirkedalHansen et al., 1993; Rockwell et al., 1996) . The rationale behind this approach is that an inhibitor speci®c for the MMP uniquely associated with a disease process may potentially minimize toxic side-effects (Drummond et al., 1999) . Therefore, extensive structural information for the various MMPs is critical for a structure-based approach in designing inhibitor selectivity Ghose et al., 1995; Hajduk et al., 1997; Olejniczak et al., 1997; Rockwell et al., 1996) . Toward this goal, we have previously presented the re®nement of a high-resolution solution structure of inhibitor-free MMP-1 (Moy et al., 1998 ) and the solution structure of the MMP-1:CGS-27023A complex (Moy et al., 1999) . Here, we present the determination of the high-resolution solution conformation of the catalytic fragment of human collagenase-3 (MMP-13, where Y104 in the X-ray structure corresponds to Y1 in the NMR structure) complexed with a sulfonamide derivative of a hydroxamic acid compound (WAY-151693) . These results provide the foundation for such a structurebased drug development program for designing speci®c MMP inhibitors.
Results and Discussion

WAY-151693 resonance assignments and bound conformation
The primary structure of WAY-151693 along with the proton-naming convention is shown in Figure 1 . The NMR assignments for WAY-151693 in the MMP-13 complex followed established protocols using 2D 12 C-®ltering experiments (Gemmecker et al., 1992; Ikura & Bax, 1992; Petros et al., 1992) , since the NMR sample was composed of 13 C/ 15 N-labeled MMP-13 and unlabeled WAY-151693. Thus, traditional 2D-NOESY, COSY and TOCSY spectra of WAY-151693 in the presence of MMP-13 yielded the straightforward assignments for WAY-151693 (listed in supplementary Table 1S along with the assignments for free WAY-151693; see Materials and Methods). The only notable difference in the assignments for free and bound WAY-151693 is the observation of two distinct resonances for 2HB1/2 in the complex. The missing resonance in the free WAY-151693 structure may simply be obscured by water. Also, the observation that the protons on the p-methoxyphenyl ring are degenerate suggests rapid ring¯ips when complexed to MMP-13. This was seen with CGS-27023A complexed with both MMP-1 and stromelysin (Gonnella et al., 1997; Moy et al., 1999) . WAY-151693 does not adopt a preferred conformation in the absence of MMP-13, as evident by the lack of structural NOEs. Only a minimal number of intramolecular NOEs were observed for WAY-151693 in the MMP-13 complex, which were relevant to the bound conformation of WAY-151693 (supplementary Table 2S ). The minimal number of structural NOEs is a result of the WAY-151693 conformation, structure and chemical shift degeneracy. A number of the observed NOEs correspond to a sequential interaction, have no effect on the overall conformation of the inhibitor and were not used in the re®nement of WAY-151693 or the complex. The structural intramolecular NOEs observed are primarily between 1HH* and the pyridine ring and between 2HB1/2 and both the p-methoxyphenyl and aryl ring. These NOEs are consistent with the``splayed'' conformation previously observed for CGS-27023A bound to both MMP-1 and stromelysin. The bound conformation of WAY-151693 is predominantly determined from the intermolecular NOEs between WAY-151693 and MMP-13 (supplementary Table 3S ). A stereoview of the MMP-13 bound conformation of WAY-151693 is shown in Figure 2 , along with the MMP-1 bound conformation of CGS-27023A for comparison.
Structure determination
The NMR structure determination methodology is an iterative procedure where the current state of the structure is used to analyze the ambiguous NOE data. In essence, the structure is used as a Figure 2 . Cross-eyed stereoview of (a) the MMP-13 bound conformation of WAY-151693 and (b) the MMP-1 bound conformation of CGS-27023A.
Solution Structure of an MMP-13 Inhibitor Complex distance ®lter to sort through the ambiguous NOE list where the ®rst structure is determined from unambiguous data. For the re®nement of MMP-13, the initial structure was a homology model based on the MMP-8 X-ray structure (Betz et al., 1997; Bode et al., 1994) . This was justi®ed by the overall similarity in previously reported MMP structures and from the secondary structure assignments by NMR for MMP-13. The regular secondary structure elements of MMP-13 were identi®ed from a qualitative analysis of sequential and inter-strand NOEs, NH exchange rates, 3 J HNa coupling constants (Moy et al., 2000) . These data, together with the deduced secondary structure elements, are summarized in Figures 3 and 4 . The deduced secondary structure is essentially identical with the previously reported inhibitor-free MMP-1 NMR structure (Moy et al., 1998) .
The ®nal 30 simulated annealing structures calculated for residues 7-164 were based on 3280 experimental NMR restraints, consisting of 2415 approximate interproton distance restraints, 47 distance restraints between MMP-13 and WAY-151693, ®ve intramolecular distance restraints for WAY-151693, 88 distance restraints for 44 backbone hydrogen bonds, 391 torsion angle restraints, 103 3 J NHa restraints 123 C a restraints and 108 C b restraints. Stereospeci®c assignments were obtained for 81 of the 100 residues with b-methylene protons, for the methyl groups of ®ve of the six Val residues, and for the methyl groups of 12 of the 13 Leu residues. In addition, all 12 Phe residues and seven out of the eight Tyr residues were well de®ned, making it possible to assign NOE restraints to only one of the pair of C protons and to assign a w 2 torsion angle restraint. Similarly, w 2 torsion angle restraints were assigned for the three Trp residues. A summary of the structural statistics for the ®nal 30 simulated annealing (SA) structures of human MMP-13 is provided in Table 1 , and a best-®t superposition of the backbone atoms and selected side-chains are shown in Figure 5 . The atomic rms distribution of the 30 simulated annealing structures about the mean coordinate positions for residues 7-164 is 0.43(AE0.05) A Ê for the backbone atoms, 0.80(AE0.09) A Ê for all atoms, and 0.47(AE0.04) A Ê for all atoms excluding disordered surface side-chains ( Table 1 ). The mean standard deviation for the f and c backbone torsion angles of residues 7-164 are 6.2(AE11.3) and 7.1(AE11.8) , respectively. The high quality of the MMP-13 NMR structure is also evident by the results of PROCHECK analysis and by a calculated, large negative value for the Lennard-Jones-van der Waals energy (À697(AE12) kcal mol À1 ). For the PROCHECK (Laskowski et al., 1993) statistics, an overall G-factor of 0.16 AE 0.16, a hydrogen bond energy of 0.82 AE 0.05 and only 7.3 AE 0.9 bad contacts per 100 residues are consistent with a good-quality structure comparable to $1 A Ê X-ray structure.
The high quality of the MMP-13 NMR structure is evident by the very small deviations from idealized covalent geometry, by the absence of interproton distance and torsion angle violations greater than 0.1 A Ê and 1 , respectively, and by the fact that most of the backbone torsion angles for nonglycine residues lie within expected regions of the Ramachandran plot: 92.2 % of the residues lie within the most favored region of the Ramachandran f,c plot and 7.8 % in the additionally allowed regions.
1 J CaHa coupling constants from the coupled CT-HCACO experiment indicated that all nonglycine residues have negative f torsion angles (Vuister et al., 1992) .
The quality of the NMR data to properly de®ne the complex is supported by the well-de®ned coordinates for WAY-151693 and the active-site residues, where the atomic rms distribution is 0.46(AE0.10) A Ê and 0.18(AE0.03) A Ê for the heavy atoms of WAY-151693 and MMP-13 backbone atoms, respectively.
Description of the MMP-13:WAY-151693 structure
The overall fold of MMP-13 is essentially identical with that of previously reported MMP structures (Becker et al., 1995; Betz et al., 1997; Bode et al., 1994; Botos et al., 1996; Broutin et al., 1996; Gonnella et al., 1995 Gonnella et al., , 1997 Gooley et al., 1994 Gooley et al., , 1996 Lovejoy et al., 1994a,b,c; Moy et al., 1998 Moy et al., , 1999 Spurlino et al., 1994; Stams et al., 1994; Van Doren et al., 1995) . The MMP-13 NMR structure is composed of three a-helices corresponding to residues 28-44 (a A The structure re®nement and corresponding constraints correspond only to residues 7-164 for MMP-13, residues 1-6 and 165 are highly disordered and were excluded from the structure calculations. The notation of the structures is as follows: hSAi are the ®nal 30 simulated annealing structures; SA is the mean structure obtained by averaging the coordinates of the individual SA structures best ®t to each other; and (SA) r is the restrained minimized mean structure obtained by restrained minimization of the mean structure SA (Nilges et al., 1988c) . The number of terms for the various restraints is given in parentheses.
a X-ray is the 1.6 A Ê resolution X-ray structure from Lovejoy et al. (1999) (PDB 830C). Residues 145-149 are not present in the X-ray structure. Tyr and Phe w 2 dihedral angles in the X-ray structure were changed to be consistent with the NMR structure, since it is not possible to differentiate between 90 or À90 in the X-ray structure. Without this correction, the calculation of F NOE and F tor would be arti®cially high for the X-ray structure.
b None of the structures exhibited distance violations greater than 0.2 A Ê or dihedral angle violations greater than 1 . c For backbone NH-CO hydrogen bond there are two restraints: r NH-O 1.5-2.3 A Ê and r N-O 2.5-3.3 A Ê . All hydrogen bonds involve slowly exchanging NH protons.
d The torsion angle restraints comprise 134 f, 116 c, 101 w1 and 40 w2 restraints.
e The values of the square-well NOE (F NOE ) and torsion angle (F tor ) potentials (cf. equations 2 and 3 of Clore et al., 1986) are calculated with force constants of 50 kcal mol À1 A Ê À2 and 200 kcal mol À1 rad
À2
, respectively. The value of the quartic van der Waals repulsion term (F rep ) (cf. equation 5 of Nilges et al., 1988c ) is calculated with a force constant of 4 kcal mol À1 A Ê À4 with the hard-sphere van der Waals radius set to 0.8 times the standard values used in the CHARMM (Brooks et al., 1983) emperical energy function (Nilges et al., 1988a,b,c) .
f E L-J is the Lennard-Jones-van der Waals energy calculated with the CHARMM emperical energy function and is not included in the target function for simulated annealing or restrained minimization.
g The improper torsion restraints serve to maintain planarity and chirality.
h These values were calculated using the PROCHECK program (Laskowski et al., 1993) . Only heavy atoms from the WAY-151693 structure were used for the rms calculation.
i The residues in the active-site correspond to 80-85, 112-124 and 134-143 . The active-site of MMP-13 is bordered by b-strand IV, the Ca 2 -binding loop, helix B and a random coil region from residues A135-T144. The catalytic zinc ion is chelated by H119, H123, and H129, while the structural zinc ion is chelated by H69, H84, and H97. The calcium ion is chelated in a loop region consisting of residues D75-G79. An interesting feature of the MMP active-site structure is an apparent kink in the backbone that occurs between the Ca 2 -binding loop and b-strand IV. In the case of MMP-13, this results in the NH groups of both L82 and A83 facing toward the active-site of the enzyme. An important feature of substrate and inhibitor binding to the MMPs are hydrogen bonding interactions with b-strand IV, which is facilitated by this unusual kink conformation (Borkakoti et al., 1994; Lovejoy et al., 1994b,c; Spurlino et al., 1994) . A ribbon diagram of the restrained minimized average structure of the MMP-13:WAY-151693 is depicted in Figure 6 (a).
The interaction of WAY-151693 in the active-site of MMP-13 was determined by ®ve intramolecular NOEs for WAY-151693 and by a total of 47 intermolecular distance restraints between MMP-13 and WAY-151693 (supplementary Tables 2S and 3S ). The key MMP-13 residues involved in the interaction with the inhibitor correspond to three distinct MMP-13 regions: residues L81, L82 and A83 from b-strand IV; residues L115, V116, and H119 from a-helix B; and L136, I140 and Y141 from the active-site loop, which comprise the S1
H and S2
H pockets of MMP-13. WAY-151693 binds to the right-hand side of the catalytic Zn ion where the p-methoxyphenyl group of WAY-151693 sits in the S1 H pocket of the MMP-13 active-site. This positioning is evident from the observed NOEs from 3HH*, 3HE1/2 and 3HD1/2 to L115, V116, H119, L136, and Y141. The aryl group primarily interacts with the side-chain of L81, as evident by the strong NOEs between 1HH*, 1HE2 and 1HZ and the L81 spin-system. Finally, the pyridine ring is essentially solvent-exposed but interacts with the side-chain of I140. These interactions position WAY-151693 such that the hydroxamic acid moiety of WAY-151693 chelates to the``right'' of the catalytic zinc and the sulfonyl oxygen atoms are in hydrogenbonding distance from the backbone NH of L82 from b-strand IV. An expanded view of the ®t of WAY-151693 in the S1
H and S2 H pockets of MMP-13 is shown in Figure 6 (b).
A feature of the MMP-13 structure is the large S1
H pocket relative to that of other MMPs, such as MMP-1, MMP-8 and matrilysin (Figure 7 ) (Moy et al., 1999) . The large S1
H pocket for MMP-13 viewed from the active-site Zn ion nearly reaches the surface of the protein. The size of the S1
H pocket for MMP-13 is comparable with that for MMP-3 (stomelysin) but differs in the overall shape of the pocket (Moy et al., 1999) . The different MMP subtypes are distinguished, in part, by substrate speci®city where the unique size and shape differences in the S1
H pocket may contribute to some of the observed substrate speci®city. However, the hemopexin domain in the intact MMP structure has been shown to be important for both selectivity and activity against native substrates (Cawston, 1996; Netzel-Arnett et al., 1993; Powell & Matrisian, 1996; Woessner, 1991) .
It is interesting to note that the active-site loop (P138-G144) is highly dynamic in both the inhibitor-free MMP-1 and MMP-1:CGS-27023A complex structures based on the generalized order-parameters (S 2 ) (Moy et al., 1997) . This region in the MMP-13:WAY-151693 structure appears to be less mobile, in that most of the residues in this loop region were easily observable in the 1 H-15 N HSQC spectra and readily assigned. Additionally, the generalized order-parameters (S 2 ) determined for the MMP-13:WAY-151693 structure have increased (Figure 8 ) relative to MMP-1, consistent with a Solution Structure of an MMP-13 Inhibitor Complex decrease in mobility for the active-site loop in MMP-13. It is important to note that while the active-site loop in MMP-13 demonstrates an increase in S 2 values relative to MMP-1, most of these residues exhibit S 2 values (0.67-0.78) lower then the average value (0.88 AE 0.07) for the structure. This implies that the active-site loop maintains some mobility relative to the remainder of the MMP-13 structure. One possible explanation for the difference in the mobility for the activesite loop between MMP-1 and MMP-13 is the hydrophobic interaction between the pyridine ring of WAY-151693 and the side-chain for I140. In MMP-1, I140 is replaced by a serine residue that essentially eliminates this bene®cial interaction.
Another unique feature of the MMP-13 NMR structure is the apparent dynamic nature of residues H69 to Y73. These residues are completely disordered according to the lack of any assignment information, and the resulting absence of any constraint information is presumably a result of thē exible nature of these residues. Residues H69 to Y73 occur between the Ca 2 -binding loop and the structural zinc ion where the corresponding region in the previously solved MMP-1 NMR structures is well de®ned. There is no apparent explanation for this change in mobility between the two NMR structures but it may contribute to the observed difference in the physical behavior for MMP-1 and MMP-13. Under identical conditions, inhibitorfree MMP-1 is stable for upwards of two months whereas inhibitor-free MMP-13 effectively degrades rapidly at room temperature.
Comparison of the solution structure of MMP-13 with the X-ray structure X-ray structures of MMP-13 complexed to diphenyl-ether sulphone-based hydroxamic acid inhibitors (RS-130830 and RS-113456) have been determined (Lovejoy et al., 1999) . The superposition of the backbone atoms of the restrained minimized, (SA) r , NMR structure of MMP-13 with the 1.6 A Ê X-ray structure (PDB 830C) is shown in Figure 9 (a) with a plot of the backbone rms difference as a function of residue number (Figure 9(b) ). Clearly, the overall folds of the two structures are similar, but distinct differences exist between the two structures, particularly in the loop regions, as evident by the rms difference between the two structures. For residues 7-164, the atomic rms difference between the minimized mean NMR structure, (SA)r, and the X-ray structure is 1.30 A Ê for the backbone atoms and 1.72 A Ê for all atoms (Table 1) . When only residues involved in secondary structure regions are considered, these values drop to 0.94 A Ê and 1.42 A Ê , respectively. The comparison of the two structures improves slightly to 0.85 A Ê for the backbone atoms and 1.34 A Ê for all atoms when only residues in the active-site are compared. The majority of the differences between the NMR and X-ray structures appear to be associated with loop dynamics and crystal-packing interaction where the largest difference occurs in the loop region containing the structural Zn-binding site (residues 66-75) which is``pushed-up'' relative to the MMP-13 X-ray structure. Residues H69 to Y73 correspond to a region in the MMP-13 protein where the resonance assignments are incomplete (Moy et al., 2000) . This is consistent with a¯exible region of the protein where the chemical shift resonances may be signi®cantly broadened due to chemical exchange. Not unexpectedly, this region of the MMP-13 NMR structure exhibits the largest structural spread in the ensemble of structures ( Figure 5 ). Interestingly, this region was readily assigned and did not exhibit any increased¯exi-bility in the MMP-1 structure (Moy et al., 1997) , which may suggest a unique difference in the dynamic properties between MMP-1 and MMP-13. Another signi®cant perturbation between the NMR and X-ray structure of MMP-13 occurs in the loop region between b-strands b IV and b V , and the C terminus of b V . This difference probably arises from a crystal packing interaction in the MMP-13 X-ray structure that brings residues F72, Y73 and Y92 into close contact with the symmetric dimer in the unit cell. Also, the loop region between b-strands b IV and b V appears to exhibit a higher order of mobility relative to the rest of the MMP-13 structure, based on the structural spread in the NMR ensemble. This is consistent with the observation that a majority of the residues in this loop exhibit 15 N T 2 exchange line-broadening, implying an additional motion on the 170 ns to 2.25 ms time-scale relative to a majority of the residues in the structure. This implies that the differences in the NMR and X-ray structures may also be a result of the¯exibility of this loop in addition to the crystal packing interaction. A second crystal packing interaction may contribute to differences in helix a C and residues 126-131. In the MMP-13 X-ray structure, the N-terminal residues 1-8 form a partial b-sheet interaction with residues 4-6 and 126-131 from the symmetric dimer, which also positions these residues proximal to helix a C .
In the MMP-13 X-ray structure, residues 145-148 are not de®ned, due to a lack of electron density that is probably a result of local mobility for these residues. Similarly, these residues appear to bē exible in the MMP-13 NMR structure, as evident by the larger structural spread in the ensemble of structures relative to the core of the protein. Additionally, the generalized order-parameters (S 2 ) in this region of the protein (0.67-0.78) are less then the average value (0.88 AE 0.07) observed for the structure.
The local differences between the NMR and X-ray structures are indicated by the very high values of the NOE and torsion angle restraint energies, and by the number of interproton distance and torsion angle violations greater than 2 A Ê and 60 , respectively, exhibited by the X-ray structure (Table 2) . A signi®cant number of the larger violations can be attributed to different w rotamers. There are a total of 28 residues between the NMR and X-ray structures that have distinctly different H pockets of MMP-1 (blue) and MMP-13 (white) and the side-chains corresponding to the MMP-1:N80 (orange) 3 MMP-13:L81 (green), MMP-1:R114 (orange) 3 MMP-13:L114 (green) and MMP-1:S139 (orange) 3 MMP-13:I140 (green) differences are labeled. (b) Sequential alignment of the MMP-1 and MMP-13 residues corresponding to the active-site. MMP-13 residues with an observed NOE to WAY-151693 are underlined. The sequence numbering is relative to MMP-13.
Solution Structure of an MMP-13 Inhibitor Complex w rotamers. A vast majority of these residues are located in the crystal contact and¯exibility regions previously discussed or are surface-exposed residues. The result is that the difference in the sidechain conformations has a minimal impact on the overall protein fold. Similarly, residues K67 and S79, which are located in the vicinity of the largest difference between the NMR and X-ray structure, exhibit a positive f dihedral angle in the MMP-13 X-ray structure, which is not observed in the NMR structure. Nevertheless, the side-chain conformations of L81, L115, and L136 that are located in the enzyme active-site are distinctly different between the NMR and X-ray structure of MMP-13. These differences can be attributed directly to the distinct inhibitors present in the active-site for the NMR (WAY-151693) and X-ray structures (RS-130830) and the nature of the interaction with MMP-13 (Lovejoy et al., 1999) .
An expanded view of the MMP-13 active-site for the NMR and X-ray structure is presented in Figure 9 (c). It is immediately apparent that, despite the chemical differences between the two inhibitors, the positioning of the two compounds in the active-site is very similar. Most notable is the overlap of the p-methoxyphenyl group from WAY-151693 with the biphenyl group from RS-130830. It is apparent that the unique features of the two inhibitors directly contribute to the differences in the conformation of L81, L115 and L136. The larger biphenyl group from RS-130830 reaches deeper into the S1
H pocket relative to WAY-151693. As a result, the side-chains of L115 and L136 move away from the inhibitor in the X-ray structure to accommodate RS-130830 in the S1
H pocket. An alternative view is that the side-chains of L115 and L136 move toward WAY-151693 in the NMR structure to improve the hydrophobic interaction with the p-methoxyphenyl group in the S1 H pocket. A similar effect causes the conformational change for L81. The pyran ring alpha to the hydroxamate group for RS-130830 is approximately perpendicular to b IV compared to the parallel orientation of the aryl group from WAY-151693. Thus, the sidechain for L81 is required to move to optimize the interaction with either the pyran ring from RS-130830 or the aryl group from WAY-151693. It is evident from Figure 9 (c) that the orientation of L81, L115 and L136 in the MMP-13:WAY-151693 complex would result in a steric clash with RS-130830. The comparison between the binding of MMP-13 with WAY-151693 and RS-130830 further supports the observation of a malleable MMP active-site (Lovejoy et al., 1999; Moy et al., 1997 Moy et al., , 1998 .
Comparison of the MMP-13:WAY-151693 and MMP-1:CGS-27023A structures
The high-resolution NMR structure for the MMP-13:WAY151693 complex was effectively and ef®ciently determined by using a homology model based on the MMP-8 X-ray structure as an initial structure to analyze ambiguous NOESY data (Betz et al., 1997; Bode et al., 1994) . The use of the homology model for MMP-13 signi®cantly expedited the process of determining the MMP-13 solution structure. This result is evidence of the high structural and sequence similarity between members of the MMP family and consistent with the previously observed best-®t superposition of the backbone atoms for MMP-1, stromelysin, matrilysin and neutrophil collagenase (Moy et al., 1998 (Moy et al., , 1999 .
The strong similarity between the various MMP structures creates an initial dif®culty in designing speci®c MMP inhibitors. This is exempli®ed by the high level of sequence similarity among the MMPs in the active-site. Comparison of the sequence similarity between MMP-13 and MMP-1 illustrates this dif®culty. There are only a few signi®cant residue differences between the two enzymes where these modi®cations result in a signi®cant change in the local environment of the active-site (Figure 7) . The R114 to L115 modi®cation results in a conversion from a hydrophilic to a hydrophobic residue at the base of the S1
H pocket between MMP-1 and MMP-13, respectively. The effect of the R114 to L115 substitution may be partially reduced, given the observation that R114 forms a hydrogen bond with a bound water molecule in the X-ray structure of MMP-1 . Conversely, there was no evidence in the NMR structure of inhibitorfree MMP-1 for the existence of any bound water in the active-site of the protein (Moy et al., 1998) . Similarly, the N80 to L81 substitution places a bulkier hydrophobic residue in the S2
H pocket for MMP-13 compared to a more hydrophilic environment for MMP-1. Similarly in the active loop region, the bulky hydrophobic residue I140 in MMP-13 replaces the smaller hydrophilic S139 residue in MMP-1. Clearly, it is feasible to incorporate substituents into a small molecule to take advantage of these spatially distinct environmental changes between MMP-1 and MMP-13. Nevertheless, when these sequence and environmental differences are averaged across the MMP family it becomes less discriminating and extremely dif®cult to design an inhibitor to a speci®c MMP subtype based strictly on the small sequence differences.
Conversely, the most distinct structural difference between the MMPs and readily amenable to incorporating speci®city in drug design is the relative size and shape of the S1
H pocket. This is clearly evident by comparison of the de®ned S1
H pockets for MMP-13 and MMP-1 depicted in Figure 7 . The large difference in size in the S1
H pockets between the MMP-13 and MMP-1 NMR structures is striking. The large S1
H pocket for MMP-13 nearly reaches the outer surface of the protein as viewed from the active-site Zn ion and is greater then twice the size of the S1
H pocket for MMP-1. The additional size of the MMP-13 S1
H pocket relative to MMP-1 is best illustrated by the ®lling capacity of the two inhibitors. In the MMP-1:CGS-27023A NMR structure the p-methoxyphenyl group effectively ®lls the available S1
H pocket for MMP-1 (Moy et al., 1999) . Conversely, in the MMP-13:WAY-151693 complex the p-methoxyphenyl group only partially ®lls the available space within the MMP-13 S1
H pocket (Figure 7 ). The size of the MMP-13 pocket is actually similar in size to that of stromelysin. The design of stromelysin inhibitors has taken advantage of this deeper S1
H pocket by using a biphenyl substituent in another series , C, O) atomic rms differences between the restrained minimized mean NMR structure and the X-ray structure as a function of residue number. The X-ray structure is that by Lovejoy et al. (1999) (PDB 830C). (c) Expanded view of the active-site for the NMR (blue) and X-ray (green) structure of MMP-13 illustrating the overlap of WAY-151693 from the NMR structure with RS-130830 from the X-ray structure. The side-chains for L81, L115 and L136 that incur a conformational change in the presence of the two inhibitors are shown.
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instead of the p-methoxyphenyl group in WAY-151693 to bind into the S1
H pocket Olejniczak et al., 1997) . Thus, the NMR structures for MMP-13 and MMP-1 suggest that a ready approach to designing speci®city between these MMPs is to take advantage of the signi®cantly different sized S1
H pockets. In fact, this point was illustrated in the recently reported X-ray structure of MMP-13 (Lovejoy et al., 1999) . The high mobility of the MMP-1 active-site presents a potential caveat to this analysis of the static images of the MMP-1 and MMP-13 structures (Figure 8 ). It is probable that the MMP-1 active-site is capable of accommodating a S1
H substituent larger then implied from its current structure due to its increased mobility in both free and inhibited structures. The conformation of R114 has a signi®cant impact on the overall size of the S1
H pocket for MMP-1. Recent X-ray structures of MMP-1 clearly indicate an inherent¯exibility in R114, suggesting that the R114 side-chain may be displaced to optimize favorable interactions between MMP-1 and the inhibitor (Lovejoy et al., 1999) . The observed¯exi-bility of the R114 side-chain in addition to the previous observation that residues P138-G144 in the active-site comprise a dynamic loop implies that the active-site of MMP-1 (Moy et al., 1997) , particularly the S1
H pocket, is not rigidly de®ned (Figure 8 ). The``soft'' de®nition of the S1
H pocket also provides a potential explanation for the complicated SAR for MMP-1 inhibitors (Browner, 1995; De et al., 1999; Morphy et al., 1995; Ries & Petrides, 1995; Woessner, 1991; Zask et al., 1996) .
Examination of the binding mode of WAY-151693 in the MMP-13:WAY-151693 complex suggests a conformation generally similar to CGS-27023A in the MMP-1:CGS-27023A NMR structure previously reported (Figure 7 ) (Moy et al., 1999) . Nevertheless, the compounds exhibit different inhibitor activities relative to MMP-1 and MMP-13. The observed IC 50 values for the two inhibitors with the two proteins are given in Table 3. WAY-151693 and CGS-27023A are structurally very similar with the only difference being the nature of the substituent binding in the S2
H pocket. An aryl group in WAY-151693 replaces the isopropyl group in CGS-27023A. The strong resemblance between the binding mode of WAY-151693 and that of CGS-27023A is apparent from the nearly identical intermolecular NOE patterns observed between the inhibitors and the proteins. The key MMP-13 residues involved in the interaction with WAY-151693 correspond to L81, L82 and A83 from b-strand IV; residues L115, V116, and H119 from a-helix B; and L136, I140 and Y141 from the activesite loop. Similarly, the MMP-1 residues involved in the interaction with CGS-27023A correspond to residues N80, L81, A82 and H83 from b-strand IV; residues R114, V115, H118 and E119 from a-helix B; and L135, P138, Y137, S139 and Y140 from the dynamic¯exible loop.
As stated previously, there are three distinct residue changes between MMP-13 and MMP-1 in the active-site. The R114 to L115 change between Table 2 . Number of violations exhibited by the X-ray structure of MMP-13 with respect to the experimental NMR interproton distance and torsion angle restraints The X-ray structure of MMP-13 is the 1.6 A Ê resolution X-ray structure from Lovejoy et al. (1999) (PDB 830C). Residues 145-149 are not present in the X-ray structure. The total number of interproton distance and torsion angle restraints in each category is given in parentheses. Tyr and Phe w 2 dihedral angles in the X-ray structure were changed to be consistent with the NMR structure, since it is not possible to differentiate between 90 or À90 in the X-ray structure. Without this correction, the number of violations would be arti®cially high for the X-ray structure. MMP-1 and MMP-13, respectively, has a signi®-cant impact on the environment at the base of the S1 H pocket but since WAY-151693 only partially ®lls the MMP-13 S1
H pocket, this change should not effect the binding conformation of WAY-151693 relative to CGS-27023A. Conversely, the N80 to L81 substitution directly interacts with the inhibitors in the S2 H pocket and may result in an effective change in the binding mode of the inhibitors. To complicate the analysis, the only change in the inhibitors are the subsitutients that bind the S2 H pocket. For the MMP-1:CGS-27023A complex, the isopropyl group interacts with both the side-chains of N80 and H83 where the aryl group from WAY-151693 interacts only with L81 in MMP-13. While the conformation of N80 in MMP-1 has been shown to be dependent on the presence of an inhibitor, the conformation of H83 is primarily dependent on the interaction with the structural Zn ion (Moy et al., 1998 (Moy et al., , 1999 . As a result, there is not a signi®cant difference in the conformation of H83 between MMP-1 and MMP-13. Additionally, CGS-27023A is in hydrogen-bonding distance to both L81 and A82 where WAY-151693 appears to form a bifurcated hydrogen bond with L82 from b-strand IV. This analysis suggests that CGS-27023A binds closer to b-strand IV compared to WAY-151693, since the S2 H pocket is more accessible in MMP-1 due to the absence of the bulky L81 side-chain. The observed differences in the binding of CGS-27023A with MMP-1 and WAY-151693 with MMP-13 suggest a consistency with the observed differences in the IC 50 values (Table 3) .
The impact of the S139 to I140 residue difference between MMP-1 and MMP-13 on inhibitor binding appears to be related to a mobility change as opposed to a structural change. In the MMP-1:CGS-27023A structure, the pyridine ring position is essentially unde®ned and solvent-exposed (Moy et al., 1999) . This compares to the MMP-13:WAY-151693 structure, where the pyridine ring interacts with the side-chain of I140. Clearly, Ile is a bulkier, more hydrophobic group relative to Ser, and provides a bene®cial hydrophobic interaction with the pyridine ring of WAY-151693. The more interesting observation is the apparent decrease in mobility for the active loop in the MMP-13 structure that may be related to this interaction between the pyridine ring and I140. The decrease in mobility is suggested by the increase in the generalized orderparameters observed between the inhibitor-free MMP-1 and MMP-13:WAY-151693 structures (Figure 8 ). This decrease in mobility appears to be consistent with previous X-ray structures of inhibited MMPs where the inhibitor may extend the formation of a b-sheet between b-strand IV and the active loop region resulting in low B-factors in the X-ray structure. Unlike the early peptide and peptide-mimics, the chemical nature of both CGS-27023A and WAY-151693 allow for the formation of hydrogen bonds only between the inhibitor and b-strand IV, but WAY-151693 does incur a positive interaction with the active loop that appears to decrease the mobility of the active loop region relative to the MMP-1:CGS-27023A structure. Therefore, the mobility of the active loop region may be easily removed through any positive interaction with an inhibitor.
While there are some interesting differences between the mode of binding for the two inhibitors in the MMP-13:WAY-151693 and MMP-1:CGS-27023A NMR structures, the more striking observation is the overall similarity between these two structures. Despite some signi®cant sequence differences and a large difference in the size and shape of the S1
H pocket, either inhibitor structure would accurately predict the other structure. This observation seems to indicate that the major contributing factors to inhibitors binding the MMPs is the chelation of the hydroxamic acid to the catalytic zinc ion and the ®t in the S1
H pocket. The interaction in the S2
H pocket appears to have a more subtle impact on inhibitor binding and selectivity, since both WAY-151693 and CGS-27023A are low nanomolar inhibitors of MMP-13 and MMP-1, respectively. Therefore, the high-resolution solution structure of the MMP-13:WAY-151693 in conjunction with the previously reported MMP-1 NMR structures suggest that taking advantage of the signi®cant differences in the size and shape of the S1 H pocket is a reasonable approach for developing speci®c MMP inhibitors.
Materials and Methods
WAY-151693 synthesis
The sulfonamide derivative of the hydroxamic acid compound, WAY-151693, was prepared according to the following procedure. The sulfonamide derived from 2-amino-3-methyl-benzoic acid methyl ester and p-methoxybenzenesulfonyl chloride was alkylated with 3-picolyl chloride and the resulting ester was hydrolyzed (LiOH/THF) to afford the carboxylic acid. The hydroxamic acid was formed via the acid chloride (oxalyl chloride/DMF) followed by reaction with hydroxylamine. Conversion to the HCl salt yielded WAY-151693.
NMR sample preparation
The uniformly 15 N, 13 C-labeled 165 amino acid residue catalytic fragment of human collagenase-3 (MMP-13) was expressed in Escherichia coli strain BL21(DE3) containing the plasmid pProMMP-13 as described (Freije et al., 1994) . MMP-13 was puri®ed as described by Moy et al. (1997) with minor modi®cations. N-terminal amino acid sequencing was performed to con®rm the protein's identity. The uniform 15 N and 13 C labeling of MMP-13 was con®rmed by MALDI-TOF mass spectrometry (PerSeptive Biosystems) where label incorporation was 595 %.
The MMP-13:WAY-151693 NMR sample contained 1 mM 15 N or 15 N/ 13 C-labeled MMP-13 with WAY-151693 in a 1:1 ratio. The sample was prepared by repeated buffer exchange using 20-30 ml solution containing 10 mM deuterated Tris-base, 100 mM NaCl, 5 mM CaCl 2 , 0.1 mM ZnCl 2 , 2 mM NaN 3 , 10 mM deut- 
NMR data collection
All spectra were recorded at 35 C on a Bruker AMX-2 600 spectrometer using a gradient-enhanced triple-resonance 1 H/ 13 C/ 15 N probe. For spectra recorded in H 2 O, water suppression was achieved with the WATERGATE sequence and water-¯ip back pulses (Grzesiek & Bax, 1993; Piotto et al., 1992) . Quadrature detection in the indirectly detected dimensions were recorded with States-TPPI hypercomplex phase increment (Marion et al., 1989b) . Spectra were collected with appropriate refocusing delays to allow for 0,0 or À90,180 phase correction.
The resonance assignments and bound conformation of WAY-151693 in the MMP-13:WAY-151693 complex were based on the 2D 12 C/ 12 C-®ltered NOESY (Gemmecker et al., 1992; Petros et al., 1992) , 2D
12 C/ 12 C®ltered TOCSY (Gemmecker et al., 1992; Petros et al., 1992) and 12 C/ 12 C-®ltered COSY experiments (Ikura & Bax, 1992) . 1 H, 15 N, 13 C, and 13 CO assignments and secondary structure determination of MMP-13 in the MMP-13:WAY-151693 complex were reported previously (Moy et al., 2000) . In addition to the NMR experiments used for the MMP-13 resonance assignments, the present structure is based on the following series of spectra: HNHA (Vuister & Bax, 1993) , HNHB (Archer et al., 1991) , 3D long-range 13 C-13 C correlation (Bax & Pochapsky, 1992) , coupled CT-HCACO Vuister et al., 1992) , HACAHB-COSY , 3D 15 N-(Marion et al., 1989a; Zuiderweg & Fesik, 1989 ) and 13 C-edited NOESY (Ikura et al., 1990; Zuiderweg et al., 1990) , and 3D 13 C-edited/ 12 C-®ltered NOESY (Lee et al., 1994) experiments. The 15 N-edited NOESY, 13 C-edited NOESY and 3D 13 C-edited/ 12 C-®l-tered NOESY experiments were collected with 100 ms, 120 ms and 110 ms mixing times, respectively. The acquisition parameters for each of the experiments used in determining the solution structure of MMP-13 complexed with WAY-151693 were as reported previously (Moy et al., 1996) .
The T 1 and T 2 data for the MMP-13:WAY-151693 complex were collected with 48 transients per increment. The T 1 inversion recovery times were T 1 /20, 80, 140, 300, 500, 800 and 1200 ms, and the T 2 Carr-Purcell-MeiboomGill (CPMG) (Meiboom & Gill, 1958) trains were T 2 /8, 24, 40, 72, 104 and 153 ms in duration (Kay et al., 1992; Markley et al., 1971) . Recycle delays for T 1 and T 2 experiments were 1.7 and 1.3 seconds, respectively. Since the NOE measurement requires an equilibrated 15 N magnetization for accurate analysis, the recycle time was extended to more than six seconds while collecting 48 transients per increment. In the NOE experiment with presaturation, the proton saturation period was three seconds.
1 H saturation was carried out with the use of 180 1 H pulses applied every 5 ms. Spectra were processed using the NMRPipe software package (Delaglio et al., 1995) and analyzed with PIPP (Garrett et al., 1991) on a Sun Sparc Workstation. When appropriate, data processing included a solvent ®lter, zero-padding data to a power of 2, linear predicting back one data point of indirectly acquired data to obtain zero phase corrections, linear prediction of additional points for the indirectly acquired dimensions to increase resolution. Linear prediction by the means of the mirror image technique was used only for constant-time experiments (Zhu & Bax, 1992) . In all cases, data were processed with a skewed sine-bell apodization function and one zero-®lling was used in all dimensions.
NMR dynamics analysis
Peak heights were automatically assigned for each residue in all 2D spectra after semi-automatically peak picking one 2D spectra using NMRPipe. T 1 and T 2 values were determined by ®tting the measured peak heights to the two-parameter pro®le I(t) I o exp(Àt/T n ). The Levenberg-Maquardt algorithm (Press et al., 1986) was used to determine the optimum values of T n by minimizing the goodness of ®t parameter, w 2 AE (I c (t) À I e (t)) 2 /s, where I c (t) are the intensities calculated from the ®tting parameters, I e (t) are the experimental intensities and s is the standard deviation of the experimental intensities. Standard deviation (s) was set to the rms baseline noise in the spectra as determined from NMRDraw. Uncertainty in T 1 and T 2 measurements were obtained from the covariance matrix generated in the Levenberg-Maquardt algorithm and were used in Monte Carlo simulation for determining the standard deviations for ®tting parameters (Farrow et al., 1994; Kamath & Shriver, 1989; Palmer et al., 1991) .
The steady-state NOE values were determined from the ratios of the intensities of the peaks with and without proton saturation. The standard deviation of the NOE value was determined by the baseline noise (Farrow et al., 1994) . The overall correlation time was determined by using residues that had 15 N T 1 /T 2 ratios within one standard deviation and NOE values of greater than 0.6 (Clore et al., 1990b; Clubb et al., 1995; Kay et al., 1989) . Three models of the spectral density functions was used to classify ®ve classes of optimized parameters (Clore et al., 1990b,c; Farrow et al., 1994; Kay et al., 1989) . Selection of the appropriate spectral density function was determined by initially ®tting the data to the simplest spectral density function and selecting a more complicated spectral density function only as required to ®t the data (Clore et al., 1990b; Clubb et al., 1995; Powers et al., 1992) .
Interproton distance restraints
The NOEs assigned from 3D 13 C-edited/ 12 C-®ltered NOESY and 3D 15 N-edited NOESY experiments were classi®ed into strong, medium, and weak corresponding to interproton distance restraints of 1.8-2.7 A Ê (1.8-2.9 A Ê for NOEs involving NH protons), 1.8-3.3 A Ê (1.8-3.5 A Ê for NOEs involving NH protons), and 1.8-5.0 A Ê , respectively (Clore et al., 1986; Williamson et al., 1985) . Upper distance limits for distances involving methyl protons and non-stereospeci®cally assigned methylene protons were corrected appropriately for center averaging (Wuthrich et al., 1983) .
Torsion angle restraints and stereospecific assignments
The b-methylene stereospeci®c assignments and w 1 torsion angle restraints were obtained primarily from a qualitative estimate of the magnitude of 3 J ab coupling constants from the HACAHB-COSY experiment ) and 3 J Nb coupling constants from the HNHB experiment (Archer et al., 1991) . Further support for the assignments was obtained from approximate distance restraints for intraresidue NOEs involving NH, C a H, and C b H protons (Powers et al., 1993) . The f and c torsion angle restraints were obtained from 3 J NHa coupling constants measured from the relative intensity of H a crosspeaks to the NH diagonal in the HNHA experiment (Vuister & Bax, 1993) , from a qualitative estimate of the magnitude of 3 J ab coupling constants from the HACAHB-COSY experiment and from approximate distance restraints for intraresidue and sequential NOEs involving NH, C a H, and C b H protons by means of the conformational grid search program STEREOSEARCH (Nilges et al., 1990) as described (Kraulis et al., 1989) .
1 J CaHa coupling constants obtained from a coupled 3D CT-HCACO spectrum were used to ascertain the presence of non-glycine residues with positive f backbone torsion angles (Vuister et al., 1992) . The presence of a 1 J CaHa coupling constant greater then 130 Hz allowed for a minimum f restraint of À2 to À178 . The Ile and Leu w 2 torsion angle restraints and the stereospeci®c assignments for leucine methyl groups were determined from 3 J CaCd coupling constants obtained from the relative intensity of C a and C d crosspeaks in a 3D long-range 13 C-
13
C NMR correlation spectrum , in conjunction with the relative intensities of intraresidue NOEs (Powers et al., 1993) . Stereospeci®c assignments for valine methyl groups were determined based on the relative intensity of intraresidue NH-C g H and C a H-C g H NOEs as described (Zuiderweg et al., 1985) . The minimum ranges employed for the f, c, and w torsion angle restraints were AE30 , AE50 , and AE20 o , respectively (Kraulis et al., 1989) .
Structure calculations
The structures were calculated using the hybrid distance geometry-dynamical simulated annealing method of Nilges et al. (1988c) with minor modi®cations (Clore et al., 1990a) using the program X-PLOR (Brunger, 1993) , adapted to incorporate pseudopotentials for 3 J NHa coupling constants (Garrett et al., 1994) , secondary 13 C a / 13 C b chemical shift restraints (Kuszewski et al., 1995) and a conformational database potential (Kuszewski et al., 1996 (Kuszewski et al., , 1997 . The target function that is minimized during restrained minimization and simulated annealing comprises only quadratic harmonic terms for covalent geometry,
3
J NHa coupling constants and secondary 13 C a / 13 C b chemical shift restraints, square-well quadratic potentials for the experimental distance and torsion angle restraints, and a quartic van der Waals term for nonbonded contacts. All peptide bonds were constrained to be planar and trans. There was no hydrogen-bonding, electrostatic, or 6-12 Lennard-Jones empirical potential energy term in the target function.
To prevent the Zn and Ca ions from being expelled during the high-temperature simulated annealing stages of the re®nement protocol, a minimal number of distance restraints between the His side-chain and Zn and between backbone atoms and Ca were included in the X-PLOR distance restraint ®le based on the observed coordination in the X-ray structures (Borkakoti et al., 1994; Lovejoy et al., 1994b,c; Spurlino et al., 1994) .
The starting MMP-13:WAY-151693 complex structure for the simulated-annealing protocol was obtained by manually docking WAY-151693 into a homology model for MMP-13. The initial orientation of WAY-151693 in the MMP-13 active-site was based on the previously reported MMP-1:CGS-27023A structure (Moy et al., 1999) . Given the general similarity in the overall fold for members of the MMP family, the use of a homology model for MMP-13 as a starting point for the structure re®nement protocol was bene®cial in expediting the iterative NOE analysis. A critical component for the analysis of ambiguous NOEs is the use of a distance ®lter based on the current structure during the structure re®nement procedure. The value of the homology model for MMP-13 was to provide an initial distance ®lter for the analysis of ambiguous NOEs. Additionally, during the early stages of the structure re®nement process with a minimal number of unambiguous NOE assignments, the structure conversion rate is typically very low, 430 %. The utilization of the MMP-13 homology model increased the conversion rate to 570 %, signi®cantly improving the iterative process of analysis of ambiguous NOEs. The use of a homology model as a starting point for the analysis of ambiguous NOEs requires signi®cant care to avoid biasing the ®nal structure. This is achieved by applying a weighted preference in the decisionmaking process to data (unambiguous NOEs, dihedral constraints, etc.) that is not dependent on the homology model for obtaining the proper assignment.
Homology modeling
Homology modeling methods were utilized to generate a 3D model of MMP-13. The linear amino acid sequence corresponding to the catalytic domain of MMP-13 was aligned (SYBYL) with the catalytic domains of MMP-1, MMP-7 and MMP-8 based on the availability of their X-ray crystallographic structures (Betz et al., 1997; Bode et al., 1994; Borkakoti et al., 1994; Browner et al., 1995; Lovejoy et al., 1999; Spurlino et al., 1994) . The alignments of MMP-13 with MMP-1 and MMP-8 demonstrated the highest homology where the computed identities are 58.9 % and 61.4 %, respectively.
The X-ray structure of MMP-8 was used as the template for homology modeling the structure of MMP-13. This decision was based mainly on the sequence alignment where no insertion is found in the critical speci®city loop. In the speci®city loop there is an``insertion'' of two additional amino acid residues compared to the sequence length of MMP-1. Based on our analysis of the alignments, MMP-8 would allow for a more accurate modeling of the inhibitor binding pockets, since no prediction has to be made within this loop region. COMPOSER (SYBYL) was used to construct the initial homology model of MMP-13. The only insertion was serine at position 29 of MMP-13. The insertion of S29 occurs within a coiled region that is at the entrance of a long a-helix and about 17 A Ê from the S H speci®city loop. The model of MMP-13 was then energy minimized utilizing a set of nested re®nement procedures (Chen et al., 1993) , but where the protein backbone heavy atoms were constrained as close to their original positions as possible.
The MMP-13:WAY-151693 model was then subjected to a 1000 steps of CHARMM minimization with the ®ve intramolecular NOE restraints and the 47 distance restraints observed between MMP-13 and WAY-151693 where the coordinates for MMP-13 were kept ®xed. This approach approximated the positioning of WAY-151693 in the active-site of MMP-13 without distorting the MMP-13 structure. The ®nal structure was exported as a PDB ®le and used as the starting point for X-PLOR simulated annealing protocol where all the residues in Solution Structure of an MMP-13 Inhibitor Complex the structure were free to move. Since the initial stage of the simulated annealing protocol corresponds to hightemperature dynamics (1500 K) with a relatively weak X-PLOR NOE force constant (2), the initial MMP-13:WAY-151693 structure does not bias the structure determination process, since the structure is effectively free to explore the available conformational space. Additionally, each iteration of the simulated annealing process begins with a random trajectory for the molecular dynamics. That fact that these trajectories differ by upwards of 10 A Ê assures a distinct exploration of conformational space for the ensemble of MMP-13:WAY-151693 structures determined from the simulated annealing protocol.
Supplementary material
Tables of the resonance assignments, intra-and intermolecular NOEs for WAY-151693 in the MMP-13 complex are available from the authors upon request.
Protein Data Bank accession codes
Atomic coordinates for the 30 ®nal simulated annealing structures and the restrained minimized mean structure of MMP-13 complexed with WAY-151693 have been deposited in the RCSB Protein Data Bank under accession PDB ID codes 1FM1 and 1FLS.
